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Abstract 
It is known that surface texturing improves the tribological properties under hydrodynamic lubrication. Generally, it is said that 
the effect of surface texturing under hydrodynamic lubrication is due to the hydrodynamic pressure. It is considered that the 
occurrence of the hydrodynamic pressure is related to the details of the lubricant flow. However, experimental approach to 
observe the details of the lubricant flow and the details discussion about  the lubricant flow on textured surface are insufficient. In 
this study, we investigated the lubricant flow on the textured surface under hydrodynamic lubrication by in-situ observation. The 
observations of the details of the lubricant flow were conducted by use of fluorescent particles. Using the fluorescent particles as 
the seed, visualization of the details of the lubricant flow near the textured surface was succeeded. In addition, the motion of the 
particle indicates that the velocity of the lubricant flow decreased inside of the dimple. 
© 2013 The Authors. Published by Elsevier Ltd.  
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Nomenclature 
I diameter of the glass disk (mm) 
t   thickness of the glass disk (mm) 
U velocity of the glass disk (m/sec) 
H average film thickness (Pm) 
u velocity of each fluorescent particle near the inlet of a dimple (m/sec) 
h position of the fluorescent particle from the textured surface (Pm) 
1. Introduction 
Recently, it is recognized that the application of the surface texturing improves the tribology performance of 
sliding materials. The effects of the surface texturing include generating hydrodynamic pressure effect to increase 
the load carrying capacity of the sliding surface, oil reservoir effect to supply lubricant from the dimples to the 
sliding surface and trap of foreign substances effect to remove abrasion powders and to maintain hydrodynamic 
lubrication. The effects of surface texturing are classified according to the lubricating condition. In general, 
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lubricated condition is divided into boundary lubrication, mixed lubrication and hydrodynamic lubrication. 
Boundary lubrication condition is the state when adsorbed molecular film (boundary) form on both the sliding 
surfaces. Mixed lubrication condition is the state when the load is supported partly by fluid film and partly by 
surface contact. Finally, hydrodynamic lubrication condition is the state when both the sliding surface is separated 
by a continuous fluid film. The main effects of the surface texturing expected under hydrodynamic lubrication are 
the increase of load capacity due to the occurrence of hydrodynamic pressure [1]. From previous studies of the flow 
field analysis using computational fluid dynamics (CFD) analysis around the textured surface, it was shown that the 
existence of a micro-scale flow vortex and its size in a dimple may influence the hydrodynamic pressure effect [2]. 
It is considered that the results from numerical analysis showing the existence of the vortex in the dimple require 
validation from the experimental results. However, there is no precedent example of direct visualization of the flow 
field due to the difficulty in direct observation of the sliding surface. 
In this study, we performed an in-situ observation of the details of flow field around the textured surface under 
hydrodynamic lubrication using fluorescent particles in the lubricant. Based on the in-situ observation, the details of 
the lubricant flow on the textured surface were reported. 
 
2. Experimental method 
The experimental apparatus, in-situ observation of surface under hydrodynamic lubrication, used in this study is 
shown in Fig. 1. The in-situ observation is carried out by use of a rotating glass disk and a textured specimen. The 
images of lubricant flow obtained by the high speed camera were sent to the PC and they were subjected to image 
processing. To maintain the hydrodynamic lubrication condition, the bottom surface of the glass disk was immersed 
into the lubricant. The glass disk was a quartz glass (I mm × t 10 mm) that is permeable to white light. An 
angular adjustable stage was used for the fixing jig, to keep the surface of the specimen and the disk parallel. Also, 
in order to control the film thickness, the specimens and its fixing jig are able to move in upward and downward 
direction using micrometer. Note that “film thickness” in this paper refers to the distance between the bottom 
surface of the glass disk and the upper surface of the specimen. To measure the film thickness accurately, the laser 
displacement sensor was used. 
 
 
Fig. 1. Experiment apparatus 
 
In this study, two kinds of specimen with different texture were used. In case I, the specimen was made of 
bearing steel and a single groove was processed on its surface by Laser Surface Texturing. In case II, the specimen 
was made of silicon as a base material and dimples were processed on its surface by etching and finished by iron-
molybdenum sputtering. Cross sectional profiles of the specimen are shown in Fig. 2. It is observed that the 
maximum depth of the groove and the dimple is 50 Pm and 10 Pm respectively. PAO6 with fluorescent particles 
was used as the lubricant. The average diameter of 10 fluorescent particles was 7.1 Pm. Besides that, rotating speed 
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of the glass disk was 80 rpm. The film thickness measured during this condition was 70 Pm in case I and 81 Pm in 
case II. Regarding the details of the high speed camera, the pixel count, shutter speed and exposure time were set to 
640 × 480, 6000 fps and 1 / 20000 sec respectively. 
 
 
 
Fig. 2. Cross sectional profile of the textured surface  (Case I: single groove by Laser Surface Texturing, Case II: dimples by Etching) 
 
3. Result and Discussion 
 
3.1. Observation of single groove (Case I) 
Figure 3 shows behavior of a fluorescent particle near the groove. And, Fig. 3 shows that the same fluorescent 
particle is being observed and not being confused with other fluorescent particles near the groove. It was observed 
that the fluorescent particle was moving close towards the groove shown in Fig. 3(a) and Fig. 3(b). On the other 
hand, the fluorescent particle could not be observed as shown in Fig. 3(c) and Fig. 3(d). It is considered that the light 
intensity was not enough to observe the particle in the groove. From Fig. 3(e) and Fig. 3(f), the fluorescent particle 
was observed at downstream of the groove and it was observed that the fluorescent particle was leaving the groove. 
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Fig. 3. Particle trajectory in case I 
 
From the behavior of the fluorescent particles, its velocity of the fluorescent particles were calculated using 
image processing near the inlet, inside and near the outlet of the groove respectively in Fig. 4. In Fig. 4, index A, B, 
C and D shows the individual fluorescent particle detected on the same radial position on the disk. As shown in Fig. 
3(c) and 3(d), it is difficult to observe the fluorescent particles inside of the groove, thus the velocity of the 
fluorescent particles were calculated using the width of the groove and the frame numbers between the inlet and 
outlet of the groove. From Fig. 4, it was observed that the velocity near the inlet and the outlet of the groove is 
almost the same. However, it was observed that the velocity of all fluorescent particles inside the groove decreased. 
 
 
Fig. 4. Velocity of fluorescent particles inside and outside of single groove in case I 
 
3.2. Observation of a number of dimple (Case II) 
Figure 5 shows the behavior of a fluorescent particle near the dimples. Similar to case I, it was observed that the 
fluorescent particle moves towards the dimple, went into the dimple and left the dimple (Fig. 5(a) to Fig. 5(f)). From 
Fig. 5(c) and Fig. 5(d), the fluorescent particle could be observed inside the dimple in case II. 
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Fig. 5. Particle trajectory in case II 
 
Figure 6 shows the velocity of fluorescent particles through three dimples along the sliding direction of the glass 
disk. In Fig. 6, index A, B, C and D shows individual fluorescent particle detected on the same radial position on the 
disk. It can be observed that the velocity of each fluorescent particle decreased comparing to those near inlet and 
outlet of the dimples. Besides that, it was observed that the velocity of the fluorescent particles did not change 
rapidly inside the dimples, however gradually decrease when they approached the dimples. As all fluorescent 
particles show similar trend, the velocity change were normalized with the maximum velocity of all of fluorescent 
particles near the dimple area 2. From Fig. 7, it was observed that the velocity of the fluorescent particle in the 
dimple shows a 35% to 50% decrease comparing to those outside the area. 
 
 
 
Fig. 6. Velocity of fluorescent particles through three dimples in case II 
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Fig. 7. Normalized velocity in case II 
 
In order to calculate the height of each fluorescent particle (distance from the textured surface), we assumed a 
Couette flow between the parallel plates as shown in Fig. 8. 
 
 
Fig. 8. Position of fluorescent particles 
 
Based on the assumption, when U is 0.59 m/sec, H is 81 Pm and velocity of each fluorescent particle near the 
inlet of a dimple, denote as u, position of the fluorescent particle from the textured surface can be calculated as 
following, 
U
Huh  
                                                                                       (1)
 
Table 1 shows the height of each fluorescent particle from the textured surface calculated by Eq. (1). From Table 
1, it is confirmed that when fluorescent particles were flowing at a height of 2.61 to 6.18 Pm from the textured 
surface, about 35 to 50 % of the velocity decrease was observed in a dimple. It is considered that the velocity 
changes of the fluorescent particles caused by the effect of the influence of micro flow near the textured surface. 
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                                                           Table 1 The height of each fluorescent particle 
Fluorescent Particle Position [Pm] 
A 6.18 
B 4.12 
C 3.16 
D 2.61 
 
4. Conclusion 
 
To perform an in-situ observation of the lubricant flow on textured surface, the observation apparatus was 
developed and fluorescent particles were used to visualize the lubricant flow. The conclusion can be summarized as 
 (1) Using the fluorescent particles as the seed, visualization of the details of the lubricant flow near the textured 
surface was succeeded.  
(2) The decrease of the velocity of the fluorescent particles about 35 to 50 % was observed due to the change of the 
lubricant flow in dimples. 
(3) When the test condition is assumed as a Couette flow, it is obtained that the fluorescent particles were flowing 
near the textured surface. 
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